Novel magnetic structures with precisely controlled dimensions and shapes at the nanoscale have potential applications in spin logic, spintronics and other spin-based communication devices. We report the fabrication of two-dimensional bi-structure magnonic crystal in the form of embedded nanodots in a periodic Ni80Fe20 antidot lattice structure (annular antidot) by focused ion-beam lithography. The spin-wave spectra of the annular antidot sample,studied for the first time by a time-resolved magneto-optic Kerr effect microscopy show a remarkable variation with bias field, which is important for the above device applications. The optically induced spin-wave spectra show multiple modes in the frequency range 14.7 GHz to 3.5 GHz due to collective interactions between the dots and antidots as well as the annular elements within the whole array. Numerical simulations qualitatively reproduce the experimental results, and simulated mode profiles reveal the spatial distribution of the spin-wave modes and internal magnetic fields responsible for these observations. It is observed that the internal field strength increases by about 200 Oe inside each dot embedded within the hole of annular antidot lattice as compared to pure antidot lattice and pure dot lattice. The stray field for the annular antidot lattice is found to be significant (0.8kOe) as opposed to the negligible values of the same for the pure dot lattice and pure antidot lattice. Our findings open up new possibilities for development of novel artificial crystals.
1.

Introduction
Structuring of magnetic thin films with precisely controlled dimensions and shapes, opens up a unique opportunity to design and prepare magnetic devices such as magnetic random access memory [1] , Hall sensors [2] , biosensing devices [3] , magnetic logic devices [4, 5] and magnetic resonance imaging [6] . Thus, it is interesting to observe how the structuring influences the spin-wave (SW) dynamics to tune the features of the magnetic devices.
Periodically patterned ferromagnetic nanostructures have already shown
interesting SW transmission properties [7, 8] . The vigorous interest in SWs, defined as coherent precession modes of magnetic moments is due to their great potential in applications [9] [10] [11] . The periodicity should be of the range of wavelength of the SW in order to select suitable frequency band.
Such materials behave similar to photonic [12] and phononic crystals [13] and are, therefore, called magnonic crystal (MC) -their magnetic counterpart [9] [10] [11] [14] [15] [16] ].
An extensive work on the SW dynamics has been reported on dot [17] [18] [19] [20] [21] [22] and antidot [23] [24] [25] [26] [27] lattices with varying size, shape, lattice constants and symmetry, and also by changing the constituent magnetic materials. Spin-wave propagation properties through ferromagnetic dots [28] and antidots [29] showed their potential in al [30] . Later a number of studies on onedimensional and two-dimensional BMCs have been reported where nanostripes or nanodots of two different ferromagnetic materials are placed next to each other [31] [32] [33] or a ferromagnetic material is embedded into another ferromagnetic matrix [34] [35] [36] . In addition to the better tunability of magnonic band structure, a larger propagation velocity of SWs has been demonstrated due to the presence of direct exchange coupling between the two materials in a filled antidot lattice [36] .
Tunable exchange bias-like effects in magnetostatically-coupled 2D hybrid composites are studied earlier by A. HierroRodriguez et al. [37] . Also, Yu et al.
demonstrated that a grating coupler of periodically nano-structured magnets provokes multidirectional emission of short-wavelength SWs with enhanced amplitude compared with a bare microwave antenna [38] . The ability to convert straight microwave antennas into omni-directional emitters for short- 
Sample fabrication
The periodic arrays of annular antidots arranged in square lattice symmetry were fabricated by a combination of e-beam evaporation (EBE) and focused ion beam (FIB) lithography as shown in Figure 1 (a).
Here 
Experimental details
The TR-MOKE microscope used in our investigation is based upon two-colour collinear optical pump-probe geometry [41] . Here, the second harmonic (λb = 400 
D. Power and phase profiles
We further simulate the power and phase maps using a home-grown Matlab code and pure antidot structure.
Different SW modes are listed in Table I for the annular antidots in comparison with pure antidot and pure dot lattices for better clarity in the relationships between them and variation with bias field.
E. Magnetostatic field distribution
To understand the origin of the SW modes and the interesting features, we calculate the magnetostatic field distribution of the systems. Figure 6 
Conclusion
We have fabricated two-dimensional Py 
